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ABSTRACT
Objectives: The current study aimed to investigate the capacity for explicit and implicit learning in chil-
dren with unilateral cerebral palsy.
Participants: Children with left and right unilateral cerebral palsy and typically developing children
shuffled disks toward a target.
Design: A prism-adaptation design was implemented, consisting of pre-exposure, prism exposure, and
post-exposure phases. Half of the participants were instructed about the function of the prism glasses,
while the other half were not.
Measures: For each trial, the distance between the target and the shuffled disk was determined. Explicit
learning was indicated by the rate of adaptation during the prism exposure phase, whereas implicit learn-
ing was indicated by the magnitude of the negative after-effect at the start of the post-exposure phase.
Results No significant effects were revealed between typically developing participants and participants
with unilateral cerebral palsy. Comparison of participants with left and right unilateral cerebral palsy dem-
onstrated that participants with right unilateral cerebral palsy had a significantly lower rate of adaptation
than participants with left unilateral cerebral palsy, but only when no instructions were provided. The
magnitude of the negative after-effects did not differ significantly between participants with right and left
unilateral cerebral palsy.
Conclusions: The capacity for explicit motor learning is reduced among individuals with right unilateral
cerebral palsy when accumulation of declarative knowledge is unguided (i.e., discovery learning). In con-
trast, the capacity for implicit learning appears to remain intact among individuals with left as well as
right unilateral cerebral palsy.
 IMPLICATIONS FOR REHABILITATION
 Implicit motor learning interventions are recommended for individuals with cerebral palsy, particularly
for individuals with right unilateral cerebral palsy
 Explicit motor learning interventions for individual with cerebral palsy – if used – best consist of sin-
gular verbal instruction.
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Introduction
Cerebral palsy (CP) is defined as a “group of permanent disorders of
the development of movement and posture, causing activity limita-
tion, that are attributed to non-progressive disturbance of the brain
that occurred in the developing fetal or infant brain. The motor dis-
orders are often accompanied by disturbances in sensation, percep-
tion, cognition, communication, and behavior, by epilepsy and by
secondary musculoskeletal problems” [1, p. 9]. A conspicuous char-
acteristic of CP is that it is a heterogeneous condition not only in
terms of its etiology but also with respect to the type and severity of
disorders that accompany CP. Put simply, there is very high variabil-
ity in motor performance among individuals with CP.
Here, we address differences among children with left and
right unilateral CP. In unilateral CP or hemiplegic CP, movement
of one side of the body is limited [2], although the opposite side
of the body may also be affected to some extent [3]. Individuals
with left and right unilateral CP (i.e., with right and left hemi-
sphere disturbances, respectively) show clear differences in their
ability to use appropriate grip patterns when picking up objects,
particularly if grasping the object is subordinate to a more
important goal. Steenbergen et al. [4], for example, observed that
when grasping pencils to mark a dot on a sheet of paper, adoles-
cents with right unilateral CP frequently used a grip that was
comfortable for picking up the pencil, but not suitable for the pri-
mary purpose of marking the dot. However, young individuals
with left unilateral CP were much more likely to select a grip that
was optimal for marking the dot, even when this meant first
grasping the pencil in an awkward manner. Ensuing studies have
generally confirmed that individuals with right unilateral CP tend
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to be less capable of deliberate or conscious planning in the pro-
duction of motor actions [5–8], although some have contested
this [9].
In general, research on motor learning in children with CP does
not consider individual differences [10,11]. Nonetheless, individual
differences warrant further study, so that tailor-made rehabilitation
(and sport participation) programs can be developed and individ-
ualized treatment is advanced. Accordingly, the present study
aimed to investigate differences in the capacity for explicit and
implicit motor learning among children with left and right unilat-
eral CP.
The key difference between explicit and implicit motor learning
is conscious engagement in movement production during prac-
tice, and the concomitant accumulation of verbal or declarative
task-relevant knowledge during the early stages of learning to
produce a movement [12–16]. An explicit learner deliberately gen-
erates and tests hypotheses about how to produce the appropri-
ate movements, which typically results in increased verbal task-
relevant knowledge. Therapists (or coaches) can facilitate explicit
learning by providing instructions and feedback about the desired
movement form; yet, instructions and feedback are not compul-
sory for explicit learning to occur. Learners can also actively search
to acquire task-relevant knowledge on their own. This is called
discovery learning [12]. Active search, such as testing hypotheses
about the appropriate movement form, is underpinned by work-
ing memory [17]. Therefore, working memory supports explicit
learning by retaining, recalling, and manipulating task-relevant
information over short periods of time [18]. In particular, the ver-
bal component of working memory is pertinent for explicit learn-
ing [19,20]. Overloading verbal working memory, by, for instance,
performing a concurrent verbal task while the motor activity is
practiced, significantly disrupts explicit learning. In fact, research-
ers have often resorted to secondary tasks to induce implicit
motor learning because dual tasking prevents a learner from accu-
mulating declarative knowledge [12]. Implicit motor learning is
the counterpart of explicit learning, and is thought to occur with-
out active accumulation of declarative knowledge [12,13], and is
sometimes considered as unintentional [21]. Repeated exposure
(e.g., practice) instead results in the immediate development of
procedural or rule-based knowledge about how a movement is
performed, which cannot be expressed explicitly.
Behavioral differences in explicit and implicit learning are also
recognizable in patterns of cortical activation. For instance, evi-
dence suggests that explicit motor learning is more strongly asso-
ciated with left hemisphere activity than implicit motor learning,
particularly in regions of the left temporal cortex [22,23] and the
left dorsolateral prefrontal cortex [24–26]. The left dorsolateral pre-
frontal cortex has also been shown to be involved in verbal work-
ing memory tasks [27–29].
The interrelatedness of explicit motor learning and left hemi-
spheric activity, together with the reduced ability for explicit or
conscious control of motor actions in individuals with right unilat-
eral CP [e.g., 4], raises questions about the capacity for explicit
motor learning in CP, especially in individuals with right unilateral
CP. It is relevant in this regard that children with CP do show
reduced working memory ability compared to typically developing
children [30–32]. Moreover, Gagliardi et al. [10,11] reported that
40% of children with CP who showed poor working memory abil-
ity failed to learn a sequential learning task (i.e., Corsi Span test).
However, Gagliardi et al. [10,11] acknowledged that learning on
the Corsi Span test most likely reflects a blend of explicit and
implicit learning. It is therefore unclear from such studies whether
motor learning impairments in CP can, or cannot, be attributed to
explicit learning that is disrupted by reduced working memory
ability. Such studies also reveal little about the consequences of
disturbances in the left hemisphere.
One method to distinguish an individual’s capacity for explicit
and implicit learning is the prism-paradigm [16,33]. Donning
glasses with prism lenses displaces the visual field to the left or
right side, and thus alters the mapping between vision and pro-
prioception. Consequently, individuals wearing glasses with prism
lenses make systematic spatial errors when pointing or throwing
towards a target [34,35]. Adaptation to the prism lenses is a func-
tion of explicit learning. That is, individuals monitor their errors
and actively form hypotheses to increase the accuracy of their
movements (i.e., pointing or throwing). The verbal task-relevant
knowledge that is discovered during this process of explicit learn-
ing can also be obtained from instructions, which often results in
a faster rate of adaptation. In parallel, however, individuals also
re-adjust the mapping between their vision and proprioception,
which occurs implicitly with little conscious awareness [16]. Thus,
increasingly accurate pointing or throwing during prism exposure
reflects the contributions of both explicit and implicit motor learn-
ing. Nevertheless, a faster rate of adaptation is generally attributed
to explicit learning [16,36]. Indeed, Redding, Rader, and Lucas [37]
showed that rate of adaptation during prism exposure was
reduced when participants’ ability to learn explicitly was disrupted
by cognitively loading working memory.
After the glasses with prism lenses are removed, pointing or
throwing is typically aimed to the side opposite to the prism dis-
placement, which is called a negative after-effect. Individuals pre-
sumably are unaware that the mapping between vision and
proprioception has re-adjusted during adaptation, so negative
after-effects are considered a pure measure of the implicit learn-
ing that took place during the exposure to the prisms, that is, dur-
ing adaptation [16,36]. This is consistent with observations that
loading working memory cognitively during prism exposure does
not affect the magnitude of the after-effects [37].
The main purpose of the current study was to explore the cap-
acity for explicit and implicit motor learning in children with CP,
and to examine differences associated with left and right unilat-
eral CP. To this end, children with and without unilateral CP per-
formed a far aiming task during which they had to slide or shuffle
small disks to a target (as in shuffle boarding, a traditional Dutch
sport). After an initial bout of 40 trials (i.e., pre-exposure phase),
the participants shuffled 40 disks while exposed to glasses with
prism lenses (i.e., prism exposure phase) and another 40 disks
after removal of the glasses with prisms (i.e., post-exposure
phase). Half of the participants were left naïve to the effects of
the prism lenses (i.e., the no-instruction group); they did not
receive any explanation regarding the prism lenses and were left
to their own devices to discover how to shuffle the disks accur-
ately. The other half of the participants were informed of the vis-
ual field displacement induced by the prism lenses and received
instructions how to compensate for the displacement when shuf-
fling the disks (i.e., instruction group).
Differences in the rate of adaptation after donning the glasses
with prism lenses were used as a measure of explicit learning,
while differences in the magnitude of the negative after-effect
once the glasses with prisms were removed were used as a meas-
ure of implicit learning [16,35]. Because individuals with CP tend
to have poor working memory ability, we anticipated weaker
explicit learning than in typically developing peers, reflected by a
slower rate of adaptation to the prisms. Further, because individu-
als with right unilateral CP tend to be less capable of more delib-
erate, conscious aspects of movement than individuals with left
unilateral CP, we anticipated that disrupted explicit learning would
be more evident in individuals with right unilateral CP. In contrast,
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since implicit learning is independent of conscious control and
working memory, we anticipated similar implicit learning across
groups, reflected by negative after-effects of the same order of
magnitude. Finally, consideration of the rates of adaptation for
the no-instruction and instruction groups, allowed us to explore
to what degree explicit learning by typically developing children
or children with UCP depends on verbal instructions or whether it
can also proceed unguided via discovery learning.
Method
Participants
Thirty-one young individuals with unilateral CP volunteered. All
participants attended schools for special education. Because we
had no access to medical files, the diagnosis and classification of
unilateral CP was confirmed by either the physical therapist, the
physical education teacher and/or parents.1 The reported GMFCS
levels were between I and III. The Box & Blocks Test was adminis-
tered to assess gross manual dexterity of the affected and the less
affected hand [38]. The Box & Blocks is increasingly used to assess
children and young adults with unilateral CP [39]. It requires par-
ticipants to move as many small cubes (2.5 cm) as possible from
one compartment of a box (53.7 25.4 8.5 cm) to the other in
60 s. Both hands are tested, starting with the less affected hand.
The ICC for test–retest and inter-observer reliability of the Box &
Blocks are reported to be 0.85 and 0.99, respectively [38,39]. For
inclusion, participants had to be able to understand the instruc-
tions and respond verbally to questions from the experimenters.
They also needed to be able to point directly to the target, and
to be able to slide (i.e., shuffle) the disks with their preferred
hand.
Four volunteers were excluded from participation because they
were incapable of performing the disk sliding action. This yielded
27 participants with CP of whom 12 had left unilateral CP (3 girls;
M age¼ 15.9 years, SD¼ 1.9; M left hand Box & Blocks Test¼ 15.9,
SD¼ 6.8; M right hand Box & Blocks Test¼ 19.9, SD¼ 5.7) and 15
had right UCP (7 girls, M age¼ 15.1 years, SD¼ 2.3; M left hand
Box & Blocks Test¼ 19.5, SD¼ 4.5; M right hand Box & Blocks
Test¼ 8.7, SD¼ 6.6). An additional 18 typically developing self-
proclaimed right-handed adolescents formed an age-matched ref-
erence group (10 girls; M age¼ 14.0 years, SD¼ 1.8). The typically
developing children were recruited from regular schools.
Participants had normal or corrected to normal vision. All partici-
pants and parents gave written informed consent. The research
procedures were ratified by the local Ethics Review Committee
and followed the principles of the Declaration of Helsinki.
Apparatus and material
The shuffleboard was custom-made from white medium density
fiberboard (MDF) and measured 165 cm in length and 105 cm in
width and placed on a table. A white wood-strip (2 cm in height)
was placed along the two side edges in order to prevent the
disk from falling off the board. A wood-strip attached to the far
end of the shuffleboard was divided at its midpoint by a black
vertical marker (0.5 cm in width), which served as the target. The
disks were wooden checker stones of 3.5 cm diameter. A Casio
EX-F1 High Speed camera (Casio Europe GmbH) was placed dir-
ectly above the target. A white cloth at the far end of the
shuffleboard prevented the participants from seeing the tripod
to which the camera was attached. The frame rate of the pre-
calibrated camera was set at 300 fps. Two pairs of identical
glasses were used throughout the experiment. 3MTM Press-OnTM
15 prism diopters (3M, USA) were applied to both lenses of one
of the pairs. From the participant’s point of observation (i.e.,
standing in front of the board at 165 cm), the prism lenses visu-
ally shifted the target an estimated 24 cm towards the right.
Procedure and design
The shuffleboard task was modeled on a traditional Dutch sport.
The children were required to slide the disk over the board to
hit the target at the far end, using their preferred (i.e., less
affected) hand. They sat on an adjustable chair when sliding the
disk (i.e., to minimize any adverse effects of postural imbalance),
with exception of two children with unilateral CP, who remained
in their wheelchair. Throughout the experiment, disks were placed
in each child’s hand in order to prevent the child from reaching
for the disk, missing, and then becoming aware of the visual field
shift induced by the prisms. Children shuffled one disk at a time,
and after every attempt the experimenter removed the disk from
the shuffleboard. The children were told to hit the target and
were allowed to take as much time as they needed. If the disk did
not touch the wood-strip at the far end of the shuffleboard the
trial was repeated.
The experiment consisted of three phases: a pre-exposure
phase, a prism exposure phase, and a post-exposure phase. In
each phase, children performed 40 trials. At the start of each
phase, a child donned a pair of glasses, with or without prism
lenses (depending on the phase). To make the link between the
glasses and the visual field displacement less obvious, the glasses
were removed halfway through each phase (i.e., after trials 1 to
20). However, the same glasses were returned for the second set
of trials in the phase (i.e., trials 21 to 40), unbeknownst to the chil-
dren. At the start of the experiment, the children were allowed
five familiarization trials, after which they donned the glasses
without the prisms and performed 40 shuffles (i.e., pre-exposure
phase). They then donned the glasses with prism lenses and per-
formed another 40 trials (prism exposure phase), after which the
glasses were changed and a further 40 trials were completed
without prisms (post-exposure phase). This completed the
experiment.
The children were randomly assigned to either the no-instruc-
tion or the instruction group. That is, nine typically developing
children were assigned to the no-instruction and instruction
groups, and nine and six children with right unilateral CP were
assigned to the no-instruction and instruction groups, respectively.
The no-instruction and instruction groups of children with left uni-
lateral CP consisted of six participants each. The no-instruction
groups were not told that glasses with prism lenses would be
used, and were also not instructed how to overcome the bias
induced by the visual field displacement. Consequently, to main-
tain or improve shuffling performance they were fully dependent
on their own monitoring of where the disk landed relative to the
target (i.e., unguided discovery learning). In contrast, the instruc-
tion groups were told before the pre-exposure phase that they
would be wearing special glasses with prism lenses. It was
explained to them (both verbally and using schematic drawings)
that the prism lenses would shift the visual field to the right, and
that large shuffling errors would occur if they did not take this
into account. They were also instructed that to prevent these
errors from occurring they should aim to the left of the target
(i.e., approximately 24 cm). To make sure the children understood
the instructions, they were asked to repeat them in their own
words. After performing the pre-exposure phase, immediately
before the start of the prism exposure phase, the children were
briefly reminded of the instructions.
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Data extraction and analysis
The high-speed recordings were digitized and processed using
WinAnalyze (Mikromak Service Brinkmann, Germany) and
Matlab_R2014b (Mathworks, USA) to provide for each trial the
horizontal distance (in mm) between the midpoint of the disk and
the target at the moment the disk contacted the wood-strip at
the far end of the shuffleboard. Positive and negative values indi-
cate an error to the right or left of the target, respectively. To
assess explicit learning, the rate of adaptation to the prism lenses
was determined by calculating the average shuffling bias to the
right for the first four sets of three trials of the prism exposure
phase. Thus, to provide the shuffling bias, the average shuffling
error of the final three trials in the pre-exposure phase was sub-
tracted from the average shuffling error of the first (i.e., trials 1 to
3), second (i.e., trials 4 to 6), third (i.e., trials 7 to 9), and fourth
(i.e., trials 10 to 12) set of three trials in the prism exposure phase.
Adaptation was considered complete if the bias did not exceed
zero. To assess implicit learning, the magnitude of the negative
after-effect was determined by calculating the average shuffling
bias to the left in the first set of three trials of the post-exposure
phase. That is, the average shuffling error of the final set of three
trials in the pre-exposure phase was subtracted from the average
shuffling error of the first set of three trials in the post-exposure
phase.
Because of the small number of participants, within groups
non-parametric tests were used to explore differences in rate of
adaptation and after-effects. That is, Wilcoxon Signed-ranks tests
were used to evaluate whether shuffling biases for the different
sets of trials were significant (i.e., whether the shuffling error for
the different sets of trials in the prism exposure and post-expos-
ure phases were significantly higher and lower than the shuffling
error in the final set of trials in the pre-exposure phase).
Mann–Whitney tests were used to examine if shuffling bias in the
prism exposure phase was higher in children with unilateral CP
than in typically developing children, and in children with right
unilateral CP than in children with left unilateral CP.
Mann–Whitney tests were also used to evaluate whether shuffling
bias in the post-exposure phase differed between the groups.
Bonferonni adjustments to the a-values were made to reduce the
chance of Type I errors. For the Mann–Whitney tests, the z-values
were used to calculate effect size r with a large effect being 0.5 or
higher [40].
Results
Perusal of Figures 1 to 4 shows that the instructions were effect-
ive. After donning the prisms, the no-instruction groups initially
made significant rightward shuffling errors before adapting. In
contrast, adaptation in the instruction groups was almost immedi-
ate, even resulting in slight overcompensation toward the left. All
groups, however, demonstrated clear after-effects when the
prisms were removed, irrespective of whether they received
instruction or not. In the following, we first address the differences
in adaptation and after-effects for the no-instruction groups and
then for the instruction groups.
Adaptation in the no-instruction groups
For each group, Wilcoxon Signed-ranks tests (one-tailed,
a¼ 0.0125) were performed to assess whether shuffling bias (i.e.,
the average error during the prism exposure phase compared to
the average error in the final three trials in the pre-exposure
phase) was significantly to the right. A more enduring rightward
bias reflects slower adaptation, and hence weaker explicit learning
(Willingham, 1998). The typically developing children displayed
significant rightward shuffling bias in prism exposure trials 1–3,
W(9)¼ 43, p¼ 0.005, but not in trials 4–6, 7–9, and 10–12,
W’s 29, p’s 0.05 (Figure 1). Similarly, children with left unilateral
CP displayed a significant rightward bias in trials 1–3, W(6)¼ 21,
p< 0.0252, but not in the later trials, W’s 7, p’s 0.05. In con-
trast, the rightward shuffling bias for the children with right
Figure 1. Shuffling bias (means and standard errors) during the first 12 trials of
the prism exposure phase in the no-instruction groups (‘’ indicates that the bias
significantly exceeds zero).
Figure 2. Shuffling bias (means and standard errors) during the first three trials
of the post-prism exposure phase in the no-instruction groups (‘’ indicates that
the bias significantly exceeds zero).
Figure 3. Shuffling bias (means and standard errors) during the first 12 trials of
the prism exposure phase in the instruction groups.
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unilateral CP was more enduring. Wilcoxon Signed-ranks tests
indicated significant biases for prism exposure trials 1–3, 4–6, and
10–12, W’s¼ 45, p’s¼ 0.005, but not for trials 7–9, W(9)¼ 35,
p¼ 0.025 (Figure 1).
To evaluate whether children with unilateral CP showed a
larger rightward shuffling bias than their typically developing
peers, Mann–Whitney tests were performed (one-tailed,
a¼ 0.0125). Greater shuffling bias reflects less adaptation and
hence weaker explicit learning. No significant differences between
the two groups occurred for prism exposure trials 1–3 through
10–12, U’s 48, p’s 0.13, r’s 0.23. Finally, the conjecture that
children with right unilateral CP would have greater shuffling bias
to the right than children with left unilateral CP was investigated.
Mann–Whitney tests (one-tailed, a¼ 0.0125) showed that the
rightward bias in prism exposure trials 4–6 and 10–12 was indeed
significantly greater, with large effect sizes for the children with
right UCP, U’s 7, p’s 0.010, r’s 0.59, but rightward bias was
not significantly greater during trials 1–3 and 7–9, U’s 16,
p’s 0.10, r’s 0.32 (Figure 1).
After-effects in the no-instruction groups
Wilcoxon Signed-ranks tests (one-tailed, a¼ 0.05) were performed
to examine whether, for the no-instruction groups, shuffling bias
to the left (i.e., the average error of the first three trials in the
post-exposure phase compared to the average error in the final
three trials of the pre-exposure phase) was significant. A signifi-
cant leftward bias reflects a negative after-effect, confirming impli-
cit learning. It was revealed that for each of the three groups
leftward shuffling bias was significant after the prisms were
removed, W’s 19, p’s 0.037 (Figure 2).
Mann–Whitney tests (two-tailed, a¼ 0.05) were subsequently
used to assess whether leftward shuffling bias varied between the
groups, which would indicate differences in implicit learning. The
leftward bias in typically developing children was not significantly
different from the leftward bias in children with unilateral CP,
U¼ 44, p¼ 0.17, r¼ 0.28. The leftward biases in children with right
and left unilateral CP were not significantly different either,
U¼ 21, p¼ 0.51, r¼ 0.17 (Figure 2).
Adaptation in the instruction groups
First, Wilcoxon Signed-rank tests (one-tailed, a¼ 0.0125) were con-
ducted to assess if there were significant shuffling biases to the
right. This showed that, with instruction, adaptation was immedi-
ate in all groups; that is, none of the groups showed a significant
shuffling bias in prism exposure trials 1–3, W’s 15, p’s> 0.05, or
in any of the subsequent trials, W’s 29, p’s 0.05 (Figure 3).
In addition, Mann–Whitney tests (one-tailed, a¼ 0.0125) indicated
that there were no significant differences in shuffling bias
between the children with UCP and the typically developing chil-
dren for prism exposure trials 1–3 through 10–12, U’s 45,
p’s 0.27, r’s 0.13. Nor were there significant differences in bias
between children with right unilateral CP and left unilateral CP,
U’s 10, p’s 0.11, r’s 0.35 (Figure 3).
After-effects in the instruction groups
Wilcoxon Signed-ranks tests (one-tailed, a¼ 0.05) were performed
to examine whether the groups demonstrated a leftward shuffling
bias (i.e., a negative after-effect) in the post-exposure phase, indi-
cating implicit learning. Similarly to the no-instruction groups, all
groups displayed a significant bias to the left, W’s 19, p’s 0.037
(Figure 4). Further, Mann-Whitney tests (two-tailed, a¼ 0.05)
revealed that the leftward bias in children with unilateral CP was
significantly greater with a medium effect size than in typically
developing children, U¼ 26, p¼ 0.026, r¼ 0.46. However, compari-
son of children with right and left unilateral CP revealed no sig-
nificant differences in the magnitude of their leftward bias,
U¼ 16.5, p¼ 0.44, r¼ 0.05 (Figure 4).
Discussion
The current study explored whether the capacity for explicit learn-
ing was reduced in children with unilateral CP relative to typically
developing children, and particularly in children with right unilat-
eral CP. The rationale for this hypothesis was two-fold. First, expli-
cit learning is thought to be associated with conscious motor
processes, such as hypothesis testing about movement, which rely
on working memory [13]. Given that children with CP often pre-
sent poor working memory ability [30,31], reduced explicit learn-
ing was anticipated relative to their typically developing peers.
Additionally, explicit learning seems to be more associated with
left hemisphere activity than implicit learning [23], so given that
children with right unilateral CP have poorer conscious control of
motor processes [4,6], we expected their capacity for explicit
learning to be particularly affected. Moreover, since implicit learn-
ing does not depend on conscious processes (e.g., hypothesis
testing), and thus makes few demands on working memory, we
anticipated similar implicit learning across the groups.
Explicit learning
The hypotheses regarding explicit learning were partly supported.
The rate of adaptation to the prisms was not different for the typ-
ically developing children compared to children with unilateral CP,
irrespective of whether or not they were explicitly instructed
about the function of the prisms. In other words, taken as a
group, the children with unilateral CP did not show reduced expli-
cit learning. However, strong differences arose within the group of
children with unilateral CP. Children with right unilateral CP
needed considerably more trials to adapt to the prism lenses than
children with left unilateral CP. Children with left unilateral CP
needed only three attempts, as did their typically developing
peers, but children with right unilateral CP were still not fully
adapted to the prism lenses after 12 trials. In other words, chil-
dren with right unilateral CP clearly demonstrated more trouble
learning explicitly.
Importantly, however, poor explicit learning only occurred
among children with right unilateral CP who did not receive
instructions. Individuals with right unilateral CP who did receive
Figure 4. Shuffling bias (means and standard errors) during the first three trials
of the post-prism exposure phase in the instruction groups (‘’ indicates that bias
significantly exceeds zero).
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instructions were capable of consciously controlling and monitor-
ing their actions to support learning. Consequently, children with
unilateral CP can learn explicitly, but only when instructed exactly
what to do. By contrast, if no instructions are provided, then the
effectiveness of explicit learning seems considerably reduced
among individuals with right unilateral CP. Explicit motor learning
without instructions or feedback amounts to what is often called
(unguided) discovery learning [12,17,41]. Typically, discovery learn-
ing is associated with increases in verbal task relevant knowledge
as a consequence of conscious processes, such as hypothesis test-
ing. Hence, the present study suggests that children with right
unilateral CP either do not engage in such processes, or, alterna-
tively, engage in hypothesis testing behavior that is unsystematic
or unproductive [42]. For example, hypothesis generation may be
ineffective if a hypothesis is formulated with too many dimen-
sions, or is too complex to monitor. Additionally, children may be
poor at adapting the original hypothesis or in formulating alterna-
tives [43]. Although difficult to use with young children, the adop-
tion of think aloud protocols during practice may prove helpful to
uncover the reasons for ineffective hypothesis testing in individu-
als with right unilateral CP.
Buszard [44] reported that in 6- to 11-year-old children who
practiced a basic tennis skill, more hypothesis testing (as indi-
cated by visible alterations in movement execution during prac-
tice and verbal recall of hypotheses tested after learning) was
associated with larger verbal working memory capacity [45].
Previous work, however, did not find differences in working
memory capacity between individuals with right and left unilat-
eral CP [28]. Hence, it is doubtful that problems in hypothesis
testing in unilateral CP can be attributed to poor working
memory capacity. In any case, it is unlikely that working mem-
ory is the only determinant of poor hypothesis testing, or
more generally, explicit motor learning [46]. Otherwise, the chil-
dren with unilateral CP as a group should have shown poor
explicit learning, since they normally have poorer working
memory ability [30,31]. This was not the case, as children with
left unilateral CP adapted as quickly to the prisms as their typ-
ically developing peers. It is important that future work on
motor learning in individuals with unilateral CP directly assesses
working memory ability, taking into account both the verbal
and visual-spatial components, and also considers the propen-
sity to consciously process movements, which has been associ-
ated with working memory ability and efficiency of explicit
motor learning in healthy adults and children [20,47].
These findings have clear implications for treatment of children
with UCP in rehabilitation (or in physical education and sports).
Explicit learning methods can be useful for promoting motor learn-
ing in these children. Nevertheless, children with right unilateral CP
depend on explicit instructions or feedback more than children
with left unilateral CP, who appear capable of learning without
instructions or feedback. Importantly, however, the amount and
complexity of the instructions and feedback provided to children
with unilateral CP should be minimized to prevent conscious proc-
esses from overloading their poor working memory [42].
Implicit learning
The degree of implicit learning during prism exposure is
reflected in the magnitude of the negative after-effects in the
post-exposure phase, that is, after the prism lenses are removed
[13,32]. In our study, significant negative after-effects were
revealed in children with and without unilateral CP, and both
when they had received instructions about the working of the
prisms and when they had not. Hence, poor explicit learning by
children with right unilateral CP, which we discussed above,
does not expose a general incapacity for motor learning [6]. On
the contrary, the absence of any differences in negative after-
effects among groups of individuals with right and left unilateral
CP suggests similar levels of implicit learning. If anything, the
larger after-effects imply that implicit learning in individuals with
unilateral CP may have been stronger than in the typically devel-
oping participants. It is not particularly clear why this would be
the case; however, poor working memory ability in individuals
with CP [30,31] might place greater emphasis on implicit learn-
ing than in typically developing people. In any event, the pre-
sent findings show that implicit motor learning can be achieved,
even if behavioral and neural processes associated with explicit
learning are compromised. This further supports the contention
that implicit and explicit motor learning are fundamentally differ-
ent [12,16,48,49].
Consequently, implicit learning interventions, such as analogy
instructions [50] or error-minimizing approaches [51], may be par-
ticularly advantageous for treatment during rehabilitation or may
help to alleviate skill barriers to (continued) sports participation
[14,52]. This would be true for children with left unilateral CP as
well as right unilateral CP.
Conclusion and limitations
To conclude, the present observations suggest that the capacity
for explicit motor learning was reduced in individuals with right
unilateral CP but not in individuals with left unilateral CP. The cap-
acity for implicit learning seemed intact in both left and right uni-
lateral CP individuals. However, it is pertinent to further
substantiate these interpretations, especially because the current
study is limited with respect to its sample size. Perhaps more
importantly, we cannot rule out the possibility that baseline differ-
ences other than the side of the lesion (e.g., type of insult or
extent of the lesion) did modulate learning. Accordingly, it must
be recognized that this study is necessarily exploratory. This said,
the findings do highlight the prospects for conducting a random-
ized controlled trial to try to obtain stronger scientific evidence. A
final possible limitation is that the present findings are restricted
to the less impaired, preferred hand. This may or may not affect
the clinical relevance of the study. In many activities, however,
individuals with cerebral palsy strive to maximize their motor per-
formance by using their less impaired hand.
Notes
1. We cannot provide neuroimaging data on lesion location,
data on birth history or neurological quantification of the
degree of asymmetry between the two sides. Consequently,
it cannot be ruled out that group differences other than the
side of lesion (e.g., extent of lesion, type of insult) that
potentially modulate motor learning were present.
2. For N¼ 6, Wilcoxon Signed-ranks tests does not return
p values below .025. Since all children with left UCP had a
positive shuffling bias, we interpret the bias as statistically
relevant, even though p¼ .025 does exceed the corrected
a-value of .0125.
Acknowledgements
We thank Thijs Elderenbosch and Rosanne de Koning for their
great help in carrying out the study and analyzing the data.
MOTOR LEARNING IN CEREBRAL PALSY 2795
Disclosure statement
The authors report no conflicts of interest. The authors alone are
responsible for the content and writing of this article.
Funding
This study is part of a program funded by NWO (project 328-98-
004).
References
[1] Rosenbaum P, Paneth N, Leviton A, et al. A report: The def-
inition and classification of cerebral palsy. Dev Med Child
Neurol. 2007;109:8–14.
[2] Cans C. Surveillance of cerebral palsy in Europe: a collabor-
ation of cerebral palsy surveys and registers. Dev Med
Child Neurol. 2000;42:816–824.
[3] Steenbergen B, Gordon AM. Activity limitation in hemiple-
gic cerebral palsy: evidence for disorders in motor
planning. Dev Med Child Neurol. 2006;48:780–783.
[4] Steenbergen B, Meulenbroek RGJ, Rosenbaum D.
Constraints on grip selection in hemiparetic cerebral palsy:
effects of lesional side, end-point accuracy, and context.
Brain Res Cogn Brain Res. 2004;19:145–159.
[5] Steenbergen B, van der Kamp J. Control of prehension in
hemiparetic cerebral palsy: similarities and differences
between the ipsi- and contra-lesional sides of the body.
Dev Med Child Neurol. 2004;46:325–332.
[6] Steenbergen B, van der Kamp J. Attentional processes in
dribbling performance of high-skilled soccer players with
congenital hemiparesis: differences related to the side of
the hemispheric lesion. Mot Control. 2008;11:55–66.
[7] Craje C, van der Kamp J, Steenbergen B. Visual information
for action planning in left and right congenital hemiparesis.
Brain Res. 2009;1261:54–64.
[8] te Velde AF, van der Kamp J, Becher JG, et al. Planning and
control in a manual collision avoidance task by children
with hemiparesis. Motor Control. 2005;9:417–438.
[9] Kirkpatrick EV, Pearse JE, Eyre JA, et al. Motor planning abil-
ity is not related to lesion side or functional manual ability
in children with hemiplegic cerebral palsy. Exp Brain Res.
2013;231:239–247.
[10] Gagliardi C, Tavano A, Turconi AC, et al. Sequence memory
skills in Spastic Bilateral Cerebral Palsy are age independent
as in normally developing children. Disabil Rehabil. 2013;35:
506–512.
[11] Gagliardi C, Tavano A, Turconi AC, et al. Sequence learning
in Cerebral Palsy. Pediatr Neurol. 2011;44:207–213.
[12] Masters RSW. Knowledge, knerves and know-how: the role
of explicit versus implicit knowledge in the breakdown of a
complex motor skill under pressure. Br J Psychol 1992;83:
343–358.
[13] Masters RSW, Poolton JM. Advances in implicit motor learn-
ing. In: Williams AM, Hodges NJ, editors. Skill acquisition in
sport: research, theory and practice. London: Routledge;
2012. p. 207–228.
[14] Steenbergen B, van der Kamp J, Verneau M, et al. Implicit
and explicit learning: applications from basic research to
sports for individuals with impaired movement dynamics.
Disabil Rehabil. 2010;32:1509–1516.
[15] Bassett DS, Yang M, Wymbs NF, et al. Learning-induced
autonomy of sensorimotor systems. Nat Neurosci. 2015;18:
744–751.
[16] Willingham DB. A neuropsychological theory of motor skill
learning. Psychol Rev. 1998;8:558–584.
[17] Maxwell JP, Masters RSW, Eves FF. From novice to no
know-how: a longitudinal study of implicit motor learning.
J Sports Sci. 2000;18:111–120.
[18] Baddeley AD, Hitch GJ. Working memory. In: Bower GH,
editor. The psychology of learning and motivation: advan-
ces in research and theory. Vol. 8. New York: Academic
Press; 1974. p. 47–89.
[19] Janacsek K, Nemeth D. Implicit sequence learning and
working memory: correlated or complicated? Cortex. 2013;
49:2001–2006.
[20] Buszard T, Farrow D, Zhu FF, et al. Examining movement
specific reinvestment and working memory in adults and
children. Int J Sport Psychol. 2013;44:351–366.
[21] Shanks DR. Implicit learning. In: Lamberts K, Goldstone RL,
editors. Handbook of cognition. London: Sage Publications;
2005. p. 202–220.
[22] Deeny SP, Hillman CH, Janelle CM, et al. Cortico-cortical
communication and superior performance in skilled marks-
men: an EEG coherence analysis. J Sport Exer Psychol.
2003;25:188–204.
[23] Zhu FF, Poolton JM, Wilson MR, et al. Neural co-activation
as a yardstick of implicit motor learning and the propensity
for conscious control of movement. Biol Psychol. 2011;
87:66–73.
[24] Zhu FF, Yeung AY, Poolton JM, et al. Cathodal transcranial
direct current stimulation over left dorsolateral prefrontal
cortex area promotes implicit motor learning in a golf put-
ting task. Brain Stimulation. 2015;8:784–786.
[25] Galaburda AM, LeMay M, Kemper TL, et al. Right-left asym-
metrics in the brain. Science. 1978;199:852–856.
[26] Wolf S, Br€olz E, Keune PM, et al. Motor skill failure or flow-
experience? Functional brain asymmetry and brain connect-
ivity in elite and amateur table tennis players. Biol Psychol.
2015;105:95–105.
[27] D’Esposito M. From cognitive to neural models of working
memory. Philos Trans R Soc London B Biol Sci. 2007;362:
761–772.
[28] Javadi AH, Cheng P, Walsh V. Short duration transcranial
direct current stimulation (tDCS) modulates verbal memory.
Brain Stimulation. 2012;5:568–574.
[29] Buszard T, Farrow D, Zhu FF, et al. The relationship
between working memory capacity and cortical activity
during performance of a novel motor task. Psychol Sport
Exer. 2015;22:247–254.
[30] Jenks KM, de Moor J, van Lieshout ECDM. Arithmetic diffi-
culties in children with cerebral palsy are related to execu-
tive function and working memory. J Child Psychol
Psychiat. 2009;50:824–838.
[31] Jenks KM, de Moor J, van Lieshout ECDM, et al. The effect
of cerebral palsy on arithmetic accuracy is mediated by
working memory, intelligence, early numeracy, and instruc-
tion time. Dev Neuropsychol. 2007;32:861–879.
[32] van Rooijen M, Verhoeven L, Steenbergen B. Working mem-
ory and fine motor skills predict early numeracy perform-
ance of children with cerebral palsy. Child Neuropsychol.
2015;12:1–13.
[33] Redding GM, Rossetti Y, Wallace B. Applications of prism
adaptation: a tutorial in theory and method. Neurosci
Biobehav Rev. 2000;29:431–444.
[34] Welch RB. Perceptual modification. New York: Academic
Press, 1978.
2796 J. VAN DER KAMP ET AL.
[35] Fernandez-Ruiz J, Dıaz R. Prism adaptation and after effect:
specifying the properties of a procedural memory system.
Learning Memory. 1999;6:47–53.
[36] Redding GM, Wallace B. Adaptive spatial alignment and
strategic perceptual-motor control. J Exp Psychol Human
Percept Performance. 1996;22:379–394.
[37] Redding GM, Rader SD, Lucas DR. Cognitive load and prism
adaptation. J Mot Behav. 1996;24:238–246.
[38] Mathiowetz V, Federman S, Wiemer D. Box and Block Test
manual dexterity: norms for 6-19 year olds. Can J Occup
Ther. 1985;52:241–245.
[39] Jongbloed-Pereboom M, Nijhuis-van der Sanden MWG,
Steenbergen B. Norm scores of the Box and Block Test for
children ages 3–10 years. Am J Occup Ther. 2013;67:
312–318.
[40] Cohen J. Statistical power analysis for the behavioral scien-
ces. Hillsdale, NJ: Erlbaum, 1988.
[41] Vereijken B, Whiting HTA. In defence of discovery learning.
Can J Sport Sci. 1990;15:99–106.
[42] van Abswoude F, Santos-Vieira B, van der Kamp J, et al.
The influence of errors during practice on motor learning
in young individuals with Cerebral Palsy. Res Dev Disabil.
2015;45–46:353–364.
[43] de Jong T, van Toolingen WR. Scientific discovery learning
with computer simulations of conceptual domains. Rev
Educ Res. 1998;68:179–201.
[44] Buszard T. Motor skill acquisition in childhood: exploring
the links between working memory, implicit learning and
equipment modification [dissertation]. Melbourne, Australia:
Victoria University, 2014.
[45] Buszard T, Farrow D, Reid M, et al. Scaling sporting equip-
ment for children promotes implicit processes during per-
formance. Conscious Cog. 2014;30:247–255.
[46] Bodimeade HL, Whittingham K, Lloyd O, et al.
Executive function in children and adolescents with uni-
lateral cerebral palsy. Dev Med Child Neurol. 2013;55:
926–933.
[47] Malhotra N, Poolton JM, Wilson MR, et al. Dimensions of
movement specific reinvestment in practice of a golf put-
ting task. Psychol Sport Exer. 2015;18:1–8.
[48] Keele SW, Ivry R, Mayr U, et al. The cognitive and neural
architecture of sequence representation. Psychol Rev.
2003;110:316–339.
[49] Willingham DB, Salidis J, Gabrieli JD. Direct comparison of
neural systems mediating conscious and unconscious skill
learning. J Neurophysiol. 2002;88:1451–1460.
[50] Liao C, Masters RSW. Analogy learning: a means to implicit
motor learning. J Sports Sci. 2001;19:307–319.
[51] Capio CM, Poolton JM, Sit CHP, et al. Reduction of errors
during practice facilitates fundamental movement skill
learning in children with intellectual disabilities. J Intellect
Disabil Res. 2013;57:295–305.
[52] Capio CM, Sit C, Abernethy B, et al. Fundamental move-
ment skills and physical activity among children with and
without cerebral palsy. Res Dev Disabil. 2012;33:
1235–1241.
MOTOR LEARNING IN CEREBRAL PALSY 2797
